Theoretical considerations together with simulations of single-particle electron cryomicroscopy images of biological assemblies in ice demonstrate that atomic structures should be obtainable from images of a few thousand asymmetric units, provided the molecular weight of the whole assembly being studied is greater than the minimum needed for accurate position and orientation determination. However, with present methods of specimen preparation and current microscope and detector technologies, many more particles are needed, and the alignment of smaller assemblies is difficult or impossible. Only larger structures, with enough signal to allow good orientation determination and with enough images to allow averaging of many hundreds of thousands or even millions of asymmetric units, have successfully produced high-resolution maps. In this review, we compare the contrast of experimental electron cryomicroscopy images of two smaller molecular assemblies, namely apoferritin and beta-galactosidase, with that expected from perfect simulated images calculated from their known X-ray structures. We show that the contrast and signal-to-noise ratio of experimental images still require significant improvement before it will be possible to realize the full potential of single-particle electron cryomicroscopy. In particular, although reasonably good orientations can be obtained for beta-galactosidase, we have been unable to obtain reliable orientation determination from experimental images of apoferritin. Simulations suggest that at least 2-fold improvement of the contrast in experimental images at 10 Å resolution is needed and should be possible.
Introduction
It has been known for many years that the amount of contrast observed in low-dose images of biological structures is less than expected theoretically. By comparing electron diffraction amplitudes from two-dimensional (2D) crystals of organic or biological specimens with the amplitudes from Fourier transforms of low-dose images of the same crystals on the same thin carbon support film, it was shown 30 years ago [1] that the contrast in room temperature images was less than expected. The electron dose used for imaging 2D crystals is normally somewhat higher than that used for diffraction, but the effect of radiation damage is not enough to explain this loss of contrast. In a later evaluation, an even more rapid fall off in image amplitude with resolution was observed in images of tobacco mosaic virus (TMV) in thin films of amorphous ice on holey carbon films [2] , when compared with that obtained from X-ray diffraction patterns of TMV. In particular, the amplitude of the 11Å resolution layer line was <5% of what might be expected in a perfect image recorded from an undamaged specimen with a perfect detector. Part of this reduction in amplitude is due to the poor modulation transfer function (MTF) of the actual detectors used for image recording [3, 4] . Another part is due to the fact that radiation damage causes a more rapid fading of high resolution Fourier components when compared with that at lower resolution [5] .
However, a major contribution to the reduced contrast at high resolution also comes from image blurring because of beam-induced specimen or image movement. Recent publications [6] [7] [8] have shown that during a typical low-dose exposure, single particles suspended in thin films of amorphous ice not only undergo translational motions, but regions of ice can also reorient by as much as 4°in a doming movement. Such doming was observed previously [9] in a study that compared the beam-induced movement of ice at liquid helium temperature with that at liquid nitrogen temperature. The movement and consequential blurring were found to be increased at liquid helium temperature compared with liquid nitrogen temperature [9] . The combined effects of all sources of specimen or image movement on the image amplitudes can be approximately described by a B-factor weighting, given by exp(−B/4d 2 ), in which d is the spatial resolution. In practice, the resolution dependence of fading often deviates from this simple analytical form. The image blurring directly affects the resolution of any structure that is calculated from the images. It also has an indirect effect by reducing the accuracy with which the single-particle orientations can be determined [6] , resulting in increased computational blurring that translates into an increase in the apparent B-factor of the final structure [10] .
If perfect images limited only by radiation damage could be obtained, it should be possible to obtain 3D structures by single-particle electron cryomicroscopy from images of a few thousand asymmetric units [11] . To this end, it is clear that better specimen preparation methods, better detectors with improved detective quantum efficiency (DQE) and better data analysis techniques will all help. DQE is defined as the ratio of the square of the detector signal-to-noise of the output when compared with the input [3] . Note that a poor detector MTF does not by itself reduce the signal-to-noise ratio in the image, and loss of contrast due to a low MTF can easily be restored. To reduce beam-induced specimen movement, an approach similar to that used to obtain nearly perfect images [4] of 2D crystals of paraffin is one of many that may be useful. In that case, very thick carbon reduced the amount of beam-induced movement. In the meantime, it is useful to estimate how good our best current images are and how much better they need to be before we reach the limits imposed by the physics of radiation damage.
With this in mind, we present a comparison of experimental images of apoferritin with simulated images in which the signal-to-noise ratio at higher resolution is reduced by varying amounts by applying different B-factors that affect the signal, but not the noise and thereby simulate different amounts of image blurring. We also compare the experimental amplitudes in a 3D map obtained from images of beta-galactosidase with those from a solventcorrected atomic model. We conclude that the experimental images still can be, and need to be, significantly improved to achieve higher resolution and to extend single-particle electron cryomicroscopy (cryoEM) to smaller molecular assemblies.
Comparison of theoretical with experimental images of apoferritin Figure 1 shows examples of experimental (a) and simulated (b) images of apoferritin. The 24 subunits in each apoferritin molecule assemble into a particle with octahedral, 432 symmetry (Fig. 1c) and an overall molecular mass of 450 kDa. The simulated images were calculated using a map derived from atomic coordinates [12] obtained by X-ray crystallography [ protein data bank identification (PDB): 1IES]. The effect of embedding in solvent was modelled by subtracting 80% of the density of a similar map with a B-factor of 2000 Å 2 . This solvent correction affects only the low-resolution structure: its effect falls to about a third at 20 Å and is negligible by 10 Å. The 80% factor is a rough approximation of the amount of electron scattering by ice when compared with protein, although a slightly lower value of 72% was estimated previously [6] . The simulated images were generated with a dose corresponding to five electrons per Å 2 and a defocus of 3 µm. The individual electrons were randomly assigned to points in the image according to a probability distribution calculated from the projection of the 3D structure after application of the contrast transfer function due to defocus. The final simulated image was then generated using a computer model that reproduces the performance of the Falcon II detector that was used to record the experimental images. In particular, a point spread function that reproduces the observed MTF was applied to each electron. The DQE of the Falcon II detector, which was 50% at half Nyquist frequency, was reproduced by assigning weights to individual electrons from a long tailed distribution fitted to the observed single event distribution of the Falcon II detector. Both the experimental and simulated images consisted of tilt pairs with the tilted partner images (not shown) having a 10°angular difference in the orientation. Tilt pair analysis [6, 10] measures how accurately the particle orientations have been determined by showing how correctly the orientation differences between the pairs are clustered around the known tilt angle and tilt axis. The tilt pair parameter plot (TPPP) takes fully into account the particle symmetry and provides a reliable procedure to validate orientation that cannot mislead because the tilt angle and tilt axis are parameters that are completely independent of the method of orientation determination. Tilt pair analysis [6, 10] of the experimental and simulated images of apoferritin was carried out, and the resulting TPPPs are shown in Fig. 2 . There is no hint of any successful orientation determination for any of the experimental images (Fig. 2a) . On the other hand, the orientation determination of the simulated images ( Fig. 2b ) is straightforward even with the limited number of electrons and realistic detector characteristics used in the simulations. Figure 2c -f shows the results of simulated tilt pair analysis, where the contrast in the simulated images is reduced by the application of an increasing B-factor. Finally, Fig. 2g demonstrates that orientation determination, even for simulated apoferritin images, needs the inclusion of diffraction data at around 10 Å resolution. This is about two times higher in resolution than what was found earlier to be required for other structures [6] . We believe this is due to the nature of the apoferritin structure (Fig. 1c ), which can be described as a relatively smooth hollow ball of α-helices that are packed 10 Å apart, so that the molecular envelope does not show much structural detail until the α-helices can be resolved. From Fig. 2 , it is clear that with a B-factor of 300 Å 2 , corresponding to a reduction in signal-to-noise level at 10 Å to 47% of (a) Experimental and (b) simulated single-particle images of apoferritin, a 450 kDA particle that has the shape of a hollow sphere with 432 symmetry and an outside diameter of 130 Å. The experimental images were recorded on an FEI Polara G2 microscope at 300 keV using an FEI Falcon II detector with exposures of 16 el/Å 2 . The simulated images were calculated as described in the text, to produce single-particle images with the same pixel size (1.7 Å) and other instrumental parameters as in the experimental images, with a defocus of 3.0 μm and 4% amplitude contrast. The particle orientations are unknown for the experimental images and were randomly generated for the simulated images. (c) A surface-shaded representation of a 3D map calculated from the atomic coordinates is also shown, with rendering at a contour level that shows the α-helical segments of the structure. This 3D structure was calculated from atomic coordinates (PDB: 1IER) obtained by X-ray diffraction from a cubic crystal form of horse spleen ferritin [12] . A rough correction for the fact that the real specimen is embedded in a solvent (amorphous ice) with a density of 80% of that of protein was applied by subtracting from a map calculated from atomic coordinates in vacuo, another map with a B-factor of 2000 and a scale factor of 0.8. theoretical, the orientations of apoferritin cannot be determined reliably.
This comparison shows that because the experimental images could not be successfully oriented, they must have <33% of the theoretically expected signal-to-noise ratio for a perfect image (i.e. 47% multiplied by the square root of the 50% DQE). We conclude that the contrast at 10 Å resolution in the current images needs to be improved by at least 2-fold before it will be possible to obtain reliable orientations. This might be done by combining improvements in detector DQE with reductions in image blurring, via improvements in either specimen preparation (e.g. thicker carbon with smaller holes) or image acquisition protocol (e.g. processing movies to remove specimen movement computationally [7, 8] ). In any case, it has not yet been possible to determine the 3D structure of apoferritin by cryoEM using images like those shown here. Figure 3 shows three-dimensional colour-coded representations of the probability distribution of the orientation angles of some typical individual experimental and simulated single-particle images. Blue indicates higher and red lower probability, where the orientation angles θ and φ are used to create a surface that shows the result of a complete orientation search for each particle in one diagram. The clear peaks at symmetry-related views illustrate why the TPPP analysis works in the case of the simulated images (Fig. 3a-d) , whereas the lack of any corresponding unambiguous peak for the experimental images illustrates why the TPPP analysis of the experimental images failed (Fig. 3e and f ) .
There is an important caveat we should mention. Although the use of tilt pairs to demonstrate successful orientation determination has worked well for many specimens and good TPPPs were obtained previously with nine different structures ranging in A B-factor of over 300 Å 2 is needed to reproduce the lack of successful orientation determination observed in the experimental images, corresponding to a signal-to-noise reduction at 10 Å to 33% (see text). Note that the tilt axis direction for the experimental images was roughly horizontal, whereas the simulated images had an exactly vertical tilt axis. (g) The resolution dependence of successful orientation determination based on simulated particles with a B-factor of 100 Å 2 . The critical resolution range for successful orientation determination can be seen to be between 30 and 10 Å. molecular mass from 450 to 50 MDa [6] , the resolution range needed to find the orientations of apoferritin in our simulated images is significantly higher, namely 30-10 Å rather than 100-20 Å found for previous specimens. It is, therefore, possible radiation damage to apoferritin reduces the image contrast at 10 Å resolution in the second image to below the threshold needed to obtain a reliable orientation, but the first low-dose image nevertheless has enough signal to allow its orientation to be determined. At a dose of 16 el/Å 2 for each 300 keV image, we estimate from previous studies of radiation damage [5, 13] that the amplitudes of the 10 Å diffraction should be reduced to 40% at the start of the second exposure of the tilt pair. This is still above the amplitude that the above simulations show is needed for successful orientation determination, but may make demonstrating a clear TPPP for apoferritin more difficult than for other specimens, where lower resolution Fourier components contribute more strongly to the orientation determination. One possible improvement would be to use a shorter exposure for the first image of the tilt pair, where the structure has the strongest signal and the least radiation damage, and a longer exposure for the second image, so that each image in the pair has an equal amount (50%) of integrated structural information at the critical resolution. The optimum exposure for the first and second images for a particular specimen would depend on what resolution contributed most to orientation determination, in this case at 10 Å.
Comparison of theoretical and experimental images of beta-galactosidase
Although experimental images of apoferritin do not appear good enough to allow orientation determination, this is not true for beta-galactosidase. This is in spite of the fact that both apoferritin and beta-galactosidase should have the same total image contrast because they have almost identical molecular masses of 450 kDa and, therefore, the same amount of electron scattering. The big difference is that beta-galactosidase has a very distinct structure with many surface grooves and bumps, whereas apoferritin at low resolution looks remarkably smooth Fig. 3 . For apoferritin, colour-coded 3D representations of the log of the probability distribution of the orientation angles θ and φ while optimizing the third orientation parameter and the XY position of the particles are shown. Blue represents high probability and red represents low. Because apoferritin has octahedral, 432 point group symmetry, each plot shows 24 symmetry-related peaks. (a)-(d) are plots for four simulated particle images from Fig. 1(b) . (e) and (f ) are plots for two experimental images from Fig. 1(a) . Clearly resolved symmetry-related peaks corresponding to unambiguous preferred orientations are only found for the simulated images.
resembling a hollow sphere. For apoferritin, the most significant orientation-dependent contrast, arising from the helix-helix packing of the α-helical bundles in each of the 24 subunits, appears at a resolution of around 10 Å, but for betagalactosidase, the projections show very clear and distinct differences at much lower resolution, making it much easier to determine orientations with images of the same quality. Figure 4a shows examples of experimental images of beta-galactosidase single particles under similar conditions to those used for apoferritin in Fig. 1 . The four identical subunits of the Escherichia coli enzyme beta-galactosidase make up a particle with D2 point group symmetry. The TPPP for beta-galactosidase (Fig. 4b) shows that, using a 3D solvent-corrected map calculated from atomic coordinates (PDB: 3I3E) as a reference, most of the orientations can be determined to within 5°, as shown previously [6] using either an experimental cryoEM map or a map computed from atomic coordinates (Fig. 4c) . As a result, it is possible using single-particle cryoEM methods to determine a reasonable 3D structure from similar quality beta-galactosidase images [6, 14] and compare the amplitudes of the Fourier components in this map to those in a theoretically perfect solvent-corrected map calculated from the atomic coordinates. Figure 5 shows a plot of the ratio of the spherically averaged experimental to theoretical amplitudes as a function of resolution. The amplitude at 10 Å is reduced to 3% of that expected in perfect images without radiation damage. The experimental amplitudes are damped by the MTF of the detector. In the case of the Falcon II detector, the MTF is dominated by charge diffusion in the sensitive layer, which does not markedly affect the signal-to-noise ratio or the DQE [3] . Taking into account the MTF of the Falcon II detector, a 10 Å signal at the 81 600× magnification used experimentally increases this to 9% of that expected. The observed amplitude will also be decreased by radiation damage that affects high resolution Fourier components more than low. However, at 10 Å resolution, this should only have a small effect, and by taking this and MTF into account, we estimate that the amplitude in the 3D map is 11% of that expected. [22] . Although beta-galactosidase has the same molecular weight as apoferritin, the molecular envelope has a very distinctive shape and so the orientations of beta-galactosidase can be determined using lower resolution information. In particular, good orientations can be obtained using the Fourier components in the resolution range between 100 and 25 Å [6] . This lower resolution information has much greater contrast in current images than the higher resolution information that is required to determine apoferritin orientations correctly.
There is, thus, reasonable agreement between the maximum contrast estimated for the apoferritin images at 10 Å resolution (<33%) and that actually obtained for a beta-galactosidase map ( 11%), noting also that an orientational error of 5°would contribute to an additional blurring and contrast reduction in the 3D map of beta-galactosidase [6] .
Concluding remarks
The contrast at high resolution in current experimental cryoEM single-particle images is substantially lower than expected purely from the limitations of radiation damage, the physics of the image formation process and current detector performance. This significant reduction in contrast is because of beam-induced image blurring and has a number of consequences.
(a) For large particles such as icosahedral viruses with molecular weights of 10MDa or greater and 60-fold or greater symmetry, the loss of contrast does not significantly affect the accuracy of orientation determination because the amount of signal in each image greatly exceeds that is required [6] to determine orientations accurately. The loss in signal-to-noise can then be restored by averaging many millions of images of each asymmetric unit, which because of the high symmetry involves processing of only a modest number (20 000-50 000) of particle images. This is confirmed by a number of recent publications [15] [16] [17] which show that 3D structures of viruses can be determined at resolutions between 3 and 4 Å.
(b) For medium-sized particles, orientations can be determined unambiguously, but at reduced accuracy. Even when higher symmetry is present, this makes it difficult to reach atomic resolution after averaging reasonable numbers of particles [18] [19] [20] [21] . (c) For smaller particles with molecular masses of <1 MDa, such as the 450 kDa apoferritin and beta-galactosidase molecular assemblies shown in Figures 1-5 , the reduced contrast means that the orientations either cannot be determined yet (apoferritin) or have relatively low accuracy. Where orientations can be determined, the increased effective B-factor limits the resolution that can be obtained with a reasonable number (e.g. 50 000) of particles to 7-10 Å. Even a 10-fold increase in the number of particles would produce only a modest improvement in resolution [10] . Note that smaller biological structures are not expected to be any more susceptible to radiation damage than larger structures.
Realizing the full potential of cryoEM relies on obtaining better images. With better images, smaller structures could be determined reliably and larger structures could be determined at higher resolution or using fewer particles. We hope such images will be obtainable in the next few years through the use of better detectors and the development of better specimen preparation methods that help to minimize beam-induced specimen movement.
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